We have analyzed, within a unified approach, nuclear level structure, and nucleon interaction data of the even-even Sn isotopes -116 Sn, 118 Sn, and 120 Sn -using the soft-rotator nuclear model and an appropriate coupled-channels optical model with a dispersive Lane-consistent optical potential. Determined best-fit optical model potential is capable of simultaneously describing all the experimental nucleon interaction data available up to 200 MeV -total neutron cross sections, proton reaction cross sections, nucleon elastic and inelastic scattering cross sections, and direct (p,n) charge exchange reaction cross sections.
I. INTRODUCTION
Analyses and understanding of nuclear level structures and nucleon interaction data for Sn isotopes are and useful because Sn is a component of nuclear reactor materials and a candidate material for superconducting magnets in fusion reactors. Sn isotopes are single-closed-shell nuclei of Z = 50 with many interesting features. Therefore, it is interesting to see whether the calculations using a self-consistent coupled-channels (CC) optical model [1] may produce different nuclear deformations for different external probes (protons or neutrons) for Sn isotopes, as predicted in Ref. 2 .
In the present work, we employ the soft-rotator model [3, 4] to describe the collective level structures of the even-even 116,118,120 Sn isotopes. The present soft-rotator model includes the nonaxial quadrupole, octupole, and hexadecapole deformations, and the β 2 , β 3 , and γ vibrations [3, 4] . The model allows us to identify collective levels of positive parity bands and negative parity bands, which are associated with octupole surface vibrations. The essential difference between the present optical model coupled-channels approach and the ones that conventionally use rotational or vibrational models [1] is that we consider, simultaneously, rotations and quadrupole and octupole vibrations of nonaxial nuclei. Conventional CC models need to keep different defor- * E-mail: yeon@sejong.ac.kr mations for different pairs of levels to describe experimental cross sections for excited levels, while in our model such difference appears naturally through "effective"deformations. Therefore, the softness of a nucleus leads to redistribution of the flux of scattered particles among the channels. Furthermore, the present softrotator model is self-consistent in that the parameters of the nuclear Hamiltonian are determined by fitting the calculated energies of collective levels to the evaluated nuclear structure data and that the wave functions from such nuclear Hamiltonian with parameters describing low-lying collective levels are used to build coupling in the coupled-channels optical model calculations.
This work is aimed at a consistent descriptions of the collective nuclear structures and nucleon interaction properties of the 116 Sn, 118 Sn, and 120 Sn isotopes in the framework of the self-consistent soft-rotator model. We show the figures for the most abundant isotope 120 Sn only because of limited space and focus on the work for (p, n) charge exchange reaction and the results.
II. DESCRIPTIONS OF LOW-LYING COLLECTIVE LEVEL STRUCTURES FOR SN EVEN-EVEN ISOTOPES.
The observed low-lying collective levels of even-even Sn isotopes with A = 116, 118, and 120 are described by adjusting the Hamiltonian parameters in the soft-rotator nuclear model. The assignment of the soft-rotator model Calc. 
quantum numbers to the experimental low-lying collective Sn levels is done by following Ref. 5 . We take the first levels with spins and parities J π = 0 levels are considered as levels of the K 0, n β = 0, n γ = 1 positive parity rotational band, and the first 3 − 1 levels as collective levels of K 0 negative parity band associated with octupole surface vibrations. Such assignments allow us to find soft-rotator Hamiltonian parameters. We used the same nuclear Hamiltonian parameters for 116,118,120 Sn as our previous work [6] . (The detailed definitions of these parameters can be found in Refs. 4 -7.) Figure 1 compares the theoretically predicted nuclear energy levels with the experimental ones for the 120 Sn. We produce nine levels out of approximately 10 ∼ 12 levels observed up to 2.4 MeV in excitation energy.
In all these isotopes, we are unable to produce the energy sequence of 5 − 1 levels, which are observed experimentally at energies lower than 3 − 1 ones. Theoretically predicted energies of Sn levels other than 5 − 1 are in good agreement with the experimental ones. Rotational structures are not very prominent in Sn isotopes; nevertheless, for each isotope we can describe at least five first low-lying collective levels, with average energy prediction accuracy better than 5%, and some other levels lying above, necessary for creating coupling scheme of coupled-channel calculations.
III. OPTICAL MODEL CALCULATION FOR NUCLEON INTERACTION DATA
We assume that the excited states observed in eveneven nonspherical nuclei can be described as combinations of rotation, β-quadrupole and octupole vibrations, and γ-quadrupole vibrations. The detail descriptions of the nuclear shapes is shown in our previous work [6] .
Since we intend to analyze the interaction data in a wide energy region (at least up to 200 MeV incident energies) for both neutrons and protons simultaneously, we use a global form of the optical potential which incorporates the energy dependence of the potential derived from the dispersion relation of Delaroche et al. [8] and the high-energy saturation behavior consistent with the Dirac phenomenology.
We consider that the Lane model [9] is valid and therefore the neutron-proton optical potential difference of the suggested potential stems from the isospin terms, from the Coulomb correction added to the real central potential, and from the neutron-proton Fermi energies.
An isospin-dependent CC optical model potential is used to predict quasi-elastic (p, n) scattering to the isobaric analogue states (IAS) of the target nucleus [10] [11] [12] . It has been pointed out by Lane [9] that optical model potential can be written in a charge-independent form. The extent to which we can state that a derived optical model potential is Lane-consistent can be established from the basic Lane equations [9] :
The dispersive optical nuclear potential is taken to be the standard form suggested in Refs. 10 -12 with the form factors of a Woods-Saxon type. In our calculations, pairs of the levels having the same parity and levels themselves are coupled by all possible even multipoles with angular momentum transfer up to 8 , and pairs of levels with different parity are coupled by odd multipoles with angular momentum transfer up to 7 . We emphasize that in our model levels from various bands are coupled not only with the g.s. band but also with each other without any additional assumptions. Such a feature is absent in most of previous analyses.
Optical potential parameters are determined by the least χ 2 -fitting. The final χ 2 -values are 7.0, 8.4, and 6.7 for 116 Sn, 118 Sn, and 120 Sn, respectively. In searching for the optical potential parameters, all the nuclear Hamiltonian parameters are fixed. The resultant optical potential parameters, allowing the best fit to the experimental data, are presented in Table 1 , while the meaning of the parameters should be found in Refs. 10 and 11. The parameters are found to be the same for all Sn isotopes with the A-mass difference coming from individual Hamiltonian parameters, Fermi energies, isovector potential dependence, and radii depending on A 1/3 . We do not include scattered angular distribution data for low nucleon interaction energies (lower than 7 MeV) in the adjustment, because we cannot guarantee that the compound interaction contribution to angular distributions is less than the experimental errors and can be neglected. At the higher energies considered, we therefore assume that the interactions of nucleons with Sn isotopes proceed completely via a direct mechanism, which can be described by the optical model. Figure 2 shows the calculated total neutron cross sections for 120 Sn compared with the experimental data from 0.1 to 200 MeV incident energy for natural Sn. Such comparison is reasonable because 120 Sn has the highest abundance in natural Sn (about 34%) and total cross sections are to be smoothly proportional to A 1/3 . Proton reaction cross sections are also shown in Fig. 2 . We see that available experimental proton reaction cross sections as well as the total neutron cross sections are reasonably well described by using our potential. Figure 3 shows the angular distributions of the cross sections for the neutron elastic scattering and inelastic scatterings leading to the 2 + 1 and 3 − 1 excitation energies of 120 Sn. For the most incident energies, the calculated results show good agreement with experimental data. For the inelastic scatterings leading to the 3 − 1 , we underestimate angular distributions for neutron incident energy 9.993 MeV, probably because the compound process contribution to this excitation was not accounted for. This difference disappears at higher incident energies where such compound contributions vanish. Figure 4 shows the angular distributions of the cross sections for the proton elastic and inelastic scatterings leading to the 2 lar distributions for (p, n) charge exchange reactions for 116 Sn, 118 Sn, and 120 Sn. We can state that the our approach, adopting Lane-consistent dispersive CC optical model calculation, allows us to describe the angular distributions for the elastically scattered neutrons.
IV. CONCLUSIONS
The CC calculations based on the soft-rotator nuclear Hamiltonian wave functions are applied to simultaneously analyze all data available for 116 Sn, 118 Sn, and 120 Sn isotopes including nuclear level structure, total neutron cross sections, and nucleon elastic and inelastic scattering cross sections. Also quasi-elastic (p, n) scatterings to analogue isobaric state (IAS) of the target nuclei are analyzed using dispersive Lane-consistent optical potentials.
The nonaxial quadrupole, octupole and hexadecapole deformations, and quadrupole and octupole vibrations are taken into account in this soft-rotator model. Furthermore, our soft-rotator model is self-consistent, since the parameters of the nuclear Hamiltonian are determined by adjusting the energies of collective levels to the nuclear structure data prior to the optical model calculation.
The nuclear level energies for the four Sn isotopes are predicted using the soft-rotator model, analyzed, and compared with the experimental ones. For each Sn isotope, we can describe nine collective levels out of approximately 10 ∼ 12 levels observed below 2.4 MeV in excitation energy. For all these isotopes, we are not able to describe the energy sequence of 5 − 1 levels, which are observed at energies lower than 3 − 1 ones. Theoretically predicted energies of Sn levels other than 5 − 1 are in good agreement with the experimental ones. It is also found that rotational structures are not very prominent in Sn isotopes. Nevertheless, for each isotope we can describe at least the first five low-lying collective levels, with average energy prediction accuracy better than 5%, as well as numerous higher-lying levels which are necessary for coupled-channel cross section calculations. In addition, all the nucleon interaction data available, including total neutron cross sections nucleon elastic and inelastic scattering data, charge exchange (p, n) reactions are well described within such a unified approach up to 200 MeV incident energies with unique optical potential parameters. Our approach seems useful for analyses of nucleon interactions with nuclei in a wide atomic mass region by using global optical model potentials.
